Linking the potential effects of altered water quality on aquatic biota, that may result from a change in the flow (discharge) regime, is an essential step in the maintenance of riverine ecological functioning. Determination of the environmental flow requirement of a river (as well as other activities, such as classifying the resource) is known in South Africa as determining the "ecological Reserve". This paper describes the philosophy behind the incorporation of water quality concerns in, as well as the constraints that are likely to be in operation during a Reserve determination. Three simple, predictive tools that have been developed for routine use in ecological Reserve assessments are described in this paper. Flow-concentration modelling can be used to predict the water quality that is likely to result from a given, prescribed flow regime. The Biotic Protocol attempts to provide an assessment of the likely implications of the predicted water quality for aquatic macroinvertebrates. Concentration time-series modelling can be used to rank complex flow scenarios with regard to potential consequences for water quality. Finally, a framework is presented for incorporating predictions of water quality and the implications for the aquatic biota in ecological Reserve assessments.
Introduction
The South African National Water Act (No. 36 of 1998), is unusual amongst existing legislation internationally, because it recognises that in order to sustain the goods and services that are provided by rivers (e.g. water, riverine flora, fauna and recreational opportunities) it is necessary to conserve the entire aquatic ecosystem (DWAF, 1999) . Protection of the biotic components of the system and maintenance of ecosystem functioning at a given required level entail ensuring that the abiotic aspects (the required amount and variability of flow, water quality, fluvial geomorphology) are also addressed. This is recognised in the National Water Act by the provision of a water quantity "Reserve", which is the amount of water and timing of flow that are required to maintain a given level of ecosystem functioning. The Act also stipulates that a water quality component to the Reserve should also be set which represents the values of physical variables and concentrations of chemical constituents that should not be exceeded in a particular reach of a river. But flow and water quality are intimately linked and if flow is altered, water quality will also frequently change (Gregory and Walling, 1973; Jenkins, 1989; Malan and Day, 2002a) . One of the most obvious reasons (but by no means the only one) for this effect is that the dilution capacity of the system is likely to be altered. For example, the dilution capacity will be reduced if the recommended environmental flow requirement (also known in South Africa as the "instream flow requirement" or "IFR") represents a smaller quantity of water than that available at present. If amelioration of point sources of pollution does not occur, the concentration of at least some instream chemical components is likely to increase. Water quality in turn is linked to biotic response, and the provision of water of suitable quality is essential to maintain healthy populations of aquatic organisms (Smith et al., 1999) . Different taxa of, for example, macroinvertebrates or fish exhibit differing tolerances to individual water quality variables (Dallas and Day, 1993) . If water quality is altered some taxa may thrive, whereas others, because of the unsuitability of the surrounding medium, may disappear from that stretch of river (Perry et al., 1996) . Thus, in order to ensure that the entire ecosystem is conserved, it is necessary when setting the Reserve for a river reach, to be able to predict the effect of a given flow regime on water quality and the implications of the resulting water quality for the aquatic biota.
An ecological Reserve determination, as currently carried out in South Africa, involves assessing the IFR, but the process goes further in that the water resource is classified according to its current ecological state, and the level of protection for which the resource will be managed is determined. In addition, resource quality objectives, or benchmarks, are set for various components of the ecosystem including water quality, geomorphology, riparian vegetation, fish, and macroinvertebrates. There are different levels of Reserve determination ranging from planning estimates, to fullscale comprehensive assessments of the IFR. In terms of the National Water Act, at least a preliminary level of Reserve determination needs to be made for each significant water resource, before licences can be issued for abstraction and for other forms of water use. Full Reserve determinations must also be carried out for all significant water bodies (DWAF, 1999; O'Keeffe, 2000) .
Due to excessive abstraction, regulation of flow and release of effluent discharge, increasing demands are being made on many rivers. Thus, it is imperative that the Reserve be assessed and implemented for heavily utilised water resources as soon as possible. Yet, although it has long been recognised that water is a limited and vital resource, the amount of money that can be allocated to the protection and management of that resource is relatively small. In addition, there is often a lack of qualified personnel to manage these assets. Thus any methods that are developed and used in the routine determination and implementation of the Reserve need to be reasonably accurate, but also rapid, simple to use, and inexpensive. Available on website http://www.wrc.org.za
There also needs to be a range of tools for different levels of application of the Reserve. For example, sophisticated water quality modelling should be used for key water resources that are under pressure from conflicting user demands (Malan and Day, 2002b) . The tools that are presented in this paper are for routine application and are designed to be pragmatic, yielding estimates rather than precise quantitative results. Another major constraint in the determination of the Reserve for rivers in South Africa is the paucity of relevant hydrological, and to an even greater extent, the lack of water quality and biomonitoring data. Our understanding of the quantitative relationships between water quality and biotic responses is also very limited.
In this paper, consideration is given to the philosophy of how water quality should be incorporated into Reserve determinations, followed by a brief description of several tools that have been developed to aid in these assessments. Finally, a framework is proposed for including predictions of changes in water quality and the implications for the biota in the Reserve process.
Incorporation of water quality in Reserve determinations
A principle central to the notion of the ecological Reserve is that the recommended flow regime should represent the flow required to maintain the hydraulic and geomorphological habitat required by the biota. It should not be set in order to bring about dilution of pollutants in a system so that they fall within the limits specified by the resource quality objectives for individual chemical constituents (Tharme and King, 1998; Palmer and Rossouw, 2000) . Only in cases in which some water quality constituents are naturally elevated may the amount of water comprising the Reserve be increased for the purpose of dilution. For example, in situations where elevated instream concentrations of salts derive from natural rather than from anthropogenic origins, decreased flow brought about by upstream abstraction may lead to unacceptably high salinity levels (higher than are likely to occur under natural flows). In such cases the amount of water constituting the Reserve should be adjusted and some form of water quality modelling employed to predict the salinity resulting from the recommended flow regime. If, on the other hand, elevated salinity is due to anthropogenic activities in the catchment, the water quantity of the Reserve should not be adjusted. Water managers then need to decide whether pollution of the river should be reduced, or if "extra" water, over and above that of the Reserve, should be supplied to dilute the contaminants to an appropriate level.
Predictive tools for use in ecological Reserve determinations
Several tools are presently being developed to link flow, water quality and biotic responses within ecological Reserve determinations. Three of these tools are briefly described below, whilst a more comprehensive discussion is given in Malan and Day (2002b) .
Flow-concentration (Q-C) modelling
Flow-concentration modelling can be used to predict instream concentrations of chemical constituents that will result from a proposed flow regime. The method is essentially based on the use of rating curves, which have long been established in the literature (Gregory and Walling, 1973; Sidle, 1988) . For a given site on a river, median monthly concentrations for each water quality variable, and mean monthly flow values are derived. The data used would normally be obtained from the chemical monitoring programme maintained by the Department of Water Affairs and Forestry (DWAF), but data from other sources such as water boards could also be used. Calculations are performed separately for the current state of the system (termed the "present ecological state" (PES)) and for the system under natural (or minimally impaired) conditions (the "reference condition" (RC)). Data are entered into standardised spreadsheet templates and plots of flow versus concentration (called "Q-C" plots) are generated. A regression line is fitted through the data points and this relationship is used to make predictions of the instream concentration that will arise for a given, recommended monthly flow. Figure 1 shows an example of a Q-C plot for electrical conductivity (EC) at a site on the Olifants River (Mpumalanga). The monthly median values for the RC and PES as well as the regression line for each state are shown. In addition, the 95% confidence interval for the PES is indicated. The method used to derive these statistical parameters is discussed in Malan et al. (2003) . It can be seen that the present-day EC levels decrease with increasing flow (due to dilution). Furthermore, present-state concentrations are above those of the RC, indicating that due to pollution, salinity levels in that part of the Olifants River, are currently elevated. There are assumptions and limitations in the Q-C method, which need to be understood when making predictions of water quality:
• Firstly, factors other than flow can affect instream concentrations, and as a result, predictions made using Q-C modelling are estimates.
• Secondly, predictions are valid only if under the new flow regime the loading of contaminants and the proportions of flow from different sources will be the same as those used to formulate the Q-C model. • Thirdly, the method is not suitable for situations in which the instream concentration of a constituent increases with flow. This type of relationship is often exhibited by non-point sources of pollutants, such as nitrates in rivers of catchments dominated by agricultural land use. Due to wash-off from the surrounding land, instream concentrations of nitrate usually increase with increasing flow, at least in the low-flow portion of the discharge range. If the instream flow is reduced, for example by abstraction, the load washing into the river may well remain the same, and it therefore cannot necessarily be assumed that instream concentrations will decrease as would be predicted from the Q-C plot.
These are the major assumptions and limitations in the method, although others also apply. The modelling technique is most effective for conservative constituents. Nutrients can also be modelled, although they sometimes exhibit considerable scatter with flow due to the many processes that affect instream concentration. This modelling method is not suitable for making predictions of temperature or dissolved oxygen, since the former is a physical variable, rather than a chemical entity. The concentration of dissolved oxygen in the water column is complicated by many factors including hydraulic turbulence, temperature and the presence of aquatic plants, and is not amenable to the simple approach used in this method. Despite these limitations Q-C modelling can be very useful for screening sites to determine whether, under a proposed flow regime and without amelioration of pollution sources, the water quality component of the Reserve is likely to be attained. It can also be used, in the absence of pollution control, to estimate the flow required to dilute given chemical constituents to a suitable concentration. Finally, Q-C modelling can be used to calculate the approximate values of the highest instream concentrations and thus, the worst water quality that is likely to occur under a given flow regime, as well as the month(s) of the year in which this will occur.
The Biotic Protocol
The Biotic Protocol provides for the structured collation of all relevant information in order to make an assessment of the likely effects of a proposed flow regime (and hence the resulting water quality scenario) on the aquatic biota (Malan and Day, 2002b) . Macroinvertebrates have been the major focus in the development of this tool, but provided that data are available linking water quality and presence/absence of taxa, it could potentially be extended to other biotic components such as fish. The Protocol primarily makes use of existing national databases containing biological and water quality data that have been collected simultaneously. These are the "Rivers" database in which the biomonitoring data from the South African River Health project are stored (Fowler et al., 2000) , and the "Biological and chemical database (Biobase)", which contains historical records of macroinvertebrate and water quality sampling (Dallas and Janssens, 1998) .
Using water quality modelling (for example, the Q-C method, or some other model e.g. QUAL2E, (Brown and Barnwell, 1987) ), monthly concentrations of key chemical constituents that will occur under a recommended flow regime can be predicted. As the first step of the Biotic Protocol, the highest concentrations that will occur under natural and present-day flow conditions can be matched up with the predicted maximum concentrations under the proposed (recommended) flow regime (termed the "future predicted state" (FPS)). In order to assess the current water quality status of a given river reach and how this is likely to change under the proposed flow regime, these maximum values are then compared with the South African Water Quality Guidelines (DWAF, 1996) . National and international databases can also be consulted in order to compare the predicted maximum values for each water quality constituent with ecotoxicological parameters (e.g. with the LOEC -the lowest observable effect concentration, or the AEC -the acute effects value). From the above information, and using expert judgement the three most important (in terms of being impacted and likely to exert a deleterious effect on the biota) water quality variables are selected. The Biobase and Rivers databases are then consulted for sampling instances representing comparable water quality conditions and data are extracted either for the specific river in question, or for similar reaches of rivers in the same geographical region (ecoregion). The lists of invertebrate taxa occurring in samples that were obtained under each of the three water quality scenarios (the "reference condition" (RC), "present ecological state" (PES) and the "future predicted state" (FPS)) are then compared. Possible shifts in community composition, including the occurrence of nuisance taxa and the loss of rare/key species, can be identified. Theoretical SASS scores (SASS is the South African Scoring System, a macroinvertebrate index of water quality (Chutter, 1998) can be calculated. From this index an estimate can be made of the ecological Reserve "class" that the river is likely to fall into with regard to macroinvertebrates, under the new flow (and hence water quality) regime (DWAF, 1999) . The class needs to be derived using expert knowledge of the given river site, consideration being given to factors such as the potential effects of alterations to hydraulic habitat, and antagonistic/synergistic effects between water quality constituents. A summary of the Biotic Protocol is given in Table 1 and its application is explained in detail in Malan and Day (2002b) . Table 2 shows the results of a hypothetical application of the Protocol to illustrate the type of results that can be obtained. Lists of the macroinvertebrate taxa recorded from different sampling occasions and the calculated theoretical SASS scores are shown. In addition, the concentrations of the water quality constituents deemed to be critical at that site (fluoride, TDS and sulphate) are recorded. It is on the basis of fluoride concentration that the sampling data have been divided into water quality comparable to the "reference condition (RC)", "present ecological state (PES)" and "future predicted state (FPS)". In this specific example, the future water quality was predicted to be improved compared to the present-day water quality. The table shows that invertebrate families and higher taxa largely lost from the system in this example, compared to the "reference condition" include: Nantantia and Oligoneuridae. Taxa that may be regained in the system under the recommended flow regime (and associated improved water quality) include: Ancylidae, Belastomatidae, Elmidae/Dryopidae, Notonectidae, Physidae, and Veliidae. viii) Synthesise a scenario for the aquatic biota that is likely to be the consequence of the proposed change in discharge. Assign the future assessment class (A-F).
The Biotic Protocol can be used to assess whether, under the recommended flow regime and the current level of pollution loading, water quality conditions will allow the resource quality objectives with regard to aquatic invertebrates to be attained. Because aquatic ecosystems are complex and biotic responses to environmental variables are not always easy to predict, at best only estimates can be obtained. There are several assumptions and limitations implicit in this method:
• Firstly, any change or loss of hydraulic habitat, refugia or recolonisation sites that may occur under the new flow scenario are not taken directly into account.
• Secondly, because of gaps in the biotic data, a given taxon may not be found in the database under particular conditions of water chemistry even if it might well tolerate those conditions.
• Thirdly, the Biotic Protocol makes use of the maximum concentration of a chemical constituent that is likely to occur during the year. The length of time that organisms would be exposed to that concentration is also an important consideration that is not presently taken into account. The current emphasis is on the magnitude, rather than on the duration, timing, frequency or rate of change of the predicted altered concentration.
• Finally, the lack of data linking water quality and the presence/ absence of macroinvertebrates in some regions of the country is, at the moment, the most serious limitation to the use of the protocol. This deficiency is being addressed, however, through the South African River Health biomonitoring programme.
Concentration time-series and exceedance curves
For the purpose of comparing different complex flow management scenarios in South Africa, flow time-series can be generated to incorporate the monthly, recommended flows (as specified in the Reserve) for maintenance and drought conditions (Louw et al., 2000) . The site-specific relationships between flow and instream concentration that are derived using Q-C modelling can be used to generate concentration time-series for a critical chemical constituent. This is similar to the general approach described by Waddle (1998) , who reported the use of time-series and exceedance curves of suitable instream habitat (as weighted usable area) derived from PHABSIM (physical habitat simulation system, the primary component of the environmental flow methodology, "Instream Flow Incremental Methodology" (Milhous et al., 1989) ). Concentration exceedance curves can be derived from concentration time-series (Fig. 2) . In this way it is possible to predict and assess the consequences (with regard to key water quality constituents) of different flow scenarios. Because major approximations are made in the preparation of concentration time-series, they should not be used to make quantitative predictions but can be useful for comparing and ranking flow time-series in terms of the likely water quality that will result from each. One of the problems that needs to be addressed in this approach is how to combine different water quality variables. Some work has gone towards using ecotoxicological data to extrapolate from the predicted concentration to the stress likely to be experienced by aquatic macroinvertebrates (Scherman et al., 2003) . Table 3 presents a proposed framework for incorporating predicted alterations of water quality and likely implications of these for the aquatic biota, into the Reserve process. The framework is compatible with both methods presently used in South Africa for assessing environmental flow requirements (EFRs), namely, the Building Block Methodology (King and Louw, 1998) and DRIFT (Downstream Response to Imposed Flow Transformations (King et al., in press). Both methods assess the flow requirement at discrete sites ("IFR sites") that are considered to be representative of the entire river reach in which they are situated, and both have an environmental flow requirement workshop as one of the central activities.
A proposed framework for incorporating predictions of water quality and biotic responses in the Reserve
The process consists of three main phases:
• Firstly, the water resource is examined with regard to ecoregion, point sources of pollution and catchment land use. All pertinent water quality data are assembled and examined for com-
TABLE 2
The type of results that can be obtained using the Biotic Protocol. Lists of the macroinvertebrate taxa recorded from different sampling occasions are given, as well as the calculated theoretical SASS score (at the bottom of the column), and the values of the water quality variables (mg·l
) recorded at the time of sampling. The water quality variables deemed to be most critical at the site were fluoride (F), TDS and sulphate (S). The sampling data are divided into reference condition, present state and future predicted state. In this case the water quality under the recommended flow regime is predicted to be an improvement on the current water quality. Invertebrate taxa likely to be regained in the system under the future predicted water quality scenario compared to the present ecological state are shown in bold. Invertebrate taxa that have been lost from the system compared to in the reference condition are underlined. 9. Consult with hydrologist. Obtain appropriate discharge data.
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For each water quality variable, the resource quality objectives, i.e. the concentration of chemical constituents or levels of physical variables that should not be exceeded, are assigned. Flow-concentration plots for each chemical constituent of concern (for which there are data) are drawn up for each site and the regression relationship determined.
• The second phase of the framework involves the tasks that arise during the EFR workshop. A workshop involving experts specialising in the various relevant disciplines (macroinvertebrates, riparian vegetation, fish, amongst others) is integral to the EFR process. Using expert opinion, as well as structured data analysis of various types, a flow regime is recommended by the specialists that can be expected to maintain the river ecosystem in a predetermined state, or class (King et al., 2000) . The Q-C plots are employed to make predictions of water quality in response to the flow regime prescribed by the EFR practitioners and to assess whether under the recommended flow regimes the water quality Reserve will be met during all months of the year. Concentration exceedance curves can also be used at this stage to compare the water quality consequences arising from the natural, the present-day and the recommended flow regimes.
• The third phase of the process is carried out after the EFR workshop. The implications of the predicted water quality for the biota can be assessed. In other words, the likelihood of the resource quality objectives for aquatic macroinvertebrates being attained under the proposed flow regime, and current pollution loading, needs to be ascertained. Ideally, the results of this assessment should be fed back into the process, so that, if necessary the quantity component of the Reserve can be adjusted. Although, only in cases where high concentrations of a given chemical constituent occur due to natural causes, and where the recommended flow regime would result in unnaturally elevated concentrations, should water quality be adjusted by means of dilution.
• Comparison of flow scenarios during a post-EFR workshop phase may, or may not, take place. Presently, such comparisons are made at a flow scenario workshop which is held if there are such heavy demands on the system in question that both the ecological Reserve and the demands of existing users in the catchment cannot be satisfied (Louw et al., 2000) . Concentration exceedance curves can be used to compare and rank different flow scenarios with regard to the likely impact on water quality. In order to make realistic predictions of water quality it is necessary to take into account the various sources of water as well as the loads of pollutants that can contribute to the total flow at a particular site on a river. This is not currently part of the process. Although incorporation of such management scenarios might greatly increase the complexity of quantifying the Reserve, it is an essential step if a balance is to be maintained between the use of a water resource on the one hand and protection of the aquatic ecosystem on the other. The final step is to document the results of the scenario modelling phase.
Conclusion
There is a chain of cause and effect between altering the flow in a river, the resulting water quality and the implications of these changes for the aquatic biota. The development of the Q-C modelling method, the Biotic Protocol and the use of concentration timeseries to quantify such relationships have been brought about by participation in actual Reserve assessments. Further development of the methods is still needed and feedback is required from water resource managers in order to make the tools as useful and relevant as possible. This will be especially important as the ecological Reserve becomes implemented in South African rivers and resource quality objectives need to be met. Despite the approximations in and limitations of the methods, the use of the tools described in this paper will aid in the integration of water quality and quantity and should result in a more balanced approach to the use of water resources and enhanced protection of aquatic ecosystems. 
